Protein phosphatase-1 (PP1) constrains learning and memory formation in part through its effects on the induction threshold of long-term potentiation (LTP) and depression (LTD). LTD induction requires both the enzymatic activity of PP1 and its proper anchoring to synaptic spines. We have shown previously that neurabin, a major synaptic scaffolding protein, targets PP1 to synapses for LTD induction. Here, we show that PP1 bound on spinophilin, a close homolog of neurabin and another major synaptic PP1 anchoring protein, does not play a role in LTD induction, which suggests that neurabin plays a privileged role in nanodomain targeting of PP1 in LTD induction. We found that protein kinase A can significantly weaken the neurabin-PP1 interaction in neurons via phosphorylation of neurabin at serine 461, a phosphorylation site adjacent to the PP1-binding motif that is not conserved in spinophilin. Finally, we found that a neurabin mutation (S461E), which mimics phosphorylation, blocked AMPA receptor endocytosis and LTD induction. The results indicate the critical importance of nanodomain targeting of PP1 within synaptic spines and its regulation in LTD induction.
Introduction
Synaptic plasticity, i.e., activity-dependent modification of synaptic strength, is critical for neural circuit formation during development and for experience-dependent brain functions, such as learning and memory. NMDA receptor-mediated long-term potentiation (LTP) and long-term depression (LTD) are two important forms of synaptic plasticity, with the underlying mechanism being AMPA receptor insertion and endocytosis, respectively [26, 38] . Kinases in general function to promote AMPA receptor insertion and LTP induction while phosphatases in general function to promote AMPA receptor endocytosis and LTD induction. However, recent studies suggest a more complex picture of kinases and phosphatase action in the induction of LTP and LTD [9, 25, 34, 46] . It is known that phosphatases such as protein phosphatase-1 (PP1) negatively regulate LTP induction via attenuating CaMKII activity [40] . However, how kinases can negatively regulate PP1 in synaptic plasticity is not clear.
Protein phosphatase-1 plays a critical role in AMPA receptor trafficking and LTD induction [17, 20, 21, 28, 29] and plays a negative role in LTP induction [6, 21] . These synaptic functions of PP1 contribute to its role in constraining learning and memory formation [14] . PP1 function in synaptic plasticity requires both its enzymatic activity [29] as well as its anchoring proteins, which Jingxia Gao and Xiao-Dong Hu contributed equally to this work. target PP1 to synapses [28] . Our work on neurabin (Nrb), a major synaptic PP1-anchoring protein, indicated that Nrb is critical for LTD induction [20] , and that Nrb targets PP1 to its substrates in synaptic spines [19] . In this study, we sought to determine whether any PP1-anchoring proteins were involved in targeting PP1 to substrates in LTD. In this regard, we determined whether another synaptic PP1-anchoring protein, spinophilin (Sph), a close homolog of Nrb, can provide PP1 for LTD induction. We also sought to determine if targeting of PP1 to synapses for LT D i n d u c t i o n i s s u b j e c t e d t o r e g u l a t i o n b y phosphorylation.
We found that Sph-targeted PP1 did not play a critical role in LTD induction. We also found that PKA kinase can negatively regulate PP1 function in LTD via attenuating its interaction with Nrb. Specifically, PKA attenuates the PP1-Nrb interaction by phosphorylating Nrb at serine 461 (S461), a site immediately adjacent to the PP1-binding motif. Significantly, the corresponding Ser461 site in spinophilin is not a conserved phosphorylation site. We also found that expression of a neurabin mutation at serine 461 (Nrb (S461E)), which mimics phosphorylation, attenuated both AMPA receptor endocytosis and LTD induction. Thus, our results show that nanodomain targeting specificity of PP1 as well as the modulation of PP1 targeting by phosphorylation regulates LTD induction.
Material and Methods
Plasmid Constructions, HEK 293 Cells, and Transfections Plasmids encoding GFP-Nrb, GFP-Sph (F451A), GFP-Nrb (S461A), and GFP-Nrb (S461E) in pEGFP-C1 and pSinRep5 (nsP2S) (gift of Dr. Nicole Calakos, Duke University) plasmids were described previously [19] . Growth and transfection of HEK293 cells (ATCC) by lipofectamine 2000 were as described previously [12] . Both Nrb and Sph cDNA are from rat species.
Primary Hippocampal Cultures, Packaging Recombinant Sindbis Virus, and Infection Hippocampal neuron cultures were prepared from mixed sex rat embryos as described previously [17, 37] . Briefly, hippocampi were dissected from embryonic day 18 (E18) rat embryos. The tissues were dissociated by trypsin digestion followed by trituration through glass pipettes. For immunocytochemistry, hippocampal neurons were plated at a density of 1.5-2.5 × 10 4 cells/cm 2 on glass coverslips coated with poly-L-lysine in 24-well plates. For Western blotting, cultures of cortical neurons were prepared from E18 rats and plated at a density of 1 × 10 5 /cm 2 in six-well plates.
Packaging and concentration of Sindbis virus has been described previously [20] , except that the viral vector pSinRep5 nsp2s and DHBB helper were used to generate minimally toxic Sindbis viruses [23] . Neurons (DIV21-DIV35) were infected with recombinant Sindbis viruses in conditioned medium for 1 h, after which cells were washed and fresh conditioned medium added (> 90% infection efficiency). Infected neurons were grown in conditioned medium for 24 h before being used in experiments.
Co-immunoprecipitation (Co-IP) and Western Blotting Co-IP and subsequent Western blotting with GFP (monoclonal antibody (Mab) from Roche), Nrb (Mab from BD bioscience), and/or PP1 (Mab from Santa Cruz biotech) antibodies were done as described previously [12] .
AMPAR Endocytosis Assay, Laser Confocal Microscopy, and Data Analysis AMPA receptor endocytosis was performed as described previously [4] . In brief, GluR1 antibody from Oncogene was used to label surface populations of GluR1 receptors in live neurons (15~20 min followed by washing) before NMDA was added. Remaining cell surface-bound GluR1 antibody antigen complex was removed by acid wash, and endocytosed GluR1-GluR1 antibody complexes were visualized using a fluorescence-conjugated secondary antibody. Coverslips were mounted on glass slides with Fluoromount G (Electron Microscopy Sciences) for confocal imaging on a Zeiss LSM 510 (63×/1.4 oil objective) as we have described previously [36] .
The same confocal microscope acquisition parameters were used for all scans for which fluorescence intensity was compared. All measurements were performed using MetaMorph software (Universal imaging, West Chester, PA). For quantitation, images were thresholded to subtract background fluorescence. Outlines of dendrites were carefully traced, and thresholded fluorescence intensity was then determined for the traced area. The fluorescence intensity was divided by the traced area, which was determined by setting a lower threshold level to outline the cell shape. For each experiment, internal fluorescence in cells was normalized by dividing the average fluorescence of untreated control cells. Each experiment was performed three times. Statistical analysis was performed with Student's t test.
Organotypic Slice Culture and Electrophysiological Recordings Organotypic slice cultures were prepared as we described previously [19] . Electrophysiological recordings were also conducted exactly as described [19] . All experimental protocols for live animals followed the ARRIVE guidelines [22] and were approved by the Institutional Animal Care and Use Committee of the Louisiana State University Health Sciences Center, New Orleans.
Results

Sph-Targeted PP1 Does Not Play a Critical Role in LTD Induction
We have shown that addition of a peptide that blocked the interaction of PP1 with its binding proteins resulted in defective LTD induction [28] . We have shown that Nrb, a major synaptic PP1 anchoring protein, is critical for LTD induction. Expression of a Nrb mutant unable to bind to PP1 (Nrb (F460A)) decreased synaptic PP1 protein levels [19] and inhibited LTD induction [19, 20] . These data suggest that Nrb targets PP1 to synaptic spines, the cellular domain where PP1 synaptic substrates (such as GluA1) localize, increasing substrate specificity of PP1. However, synaptic spines can accommodate thousands of protein molecules and can be subdivided into sub-regions such as synaptic PSD nano-domain and perisynaptic regions; synaptic spines also contain Sph, another major synaptic PP1-anchoring protein, and a close homolog of Nrb [15] , which also targets PP1 to synaptic spines. Thus, we asked whether Sph-targeted PP1 supports induction of LTD.
Surprisingly, we found that LTD was normal in neurons expressing an Sph mutant, GFP-Sph (F451A), which corresponds to the GFP-Nrb (F460A) mutant, and is unable to bind PP1 ( Fig. 1 : at t = 30 min post-LTD stimulus: GFP-Nrb (F460A) 0.95 ± 0.1; GFP-Sph (F451A) 0.64 ± 0.08; p < 0.05, t test) [47] . The GFP tag on these constructs has been shown by us [20] and others [42, 48] not to interfere with Nrb function. Our data thus suggest that, although Nrb-targeted PP1 is essential, Sph-targeted PP1 does not play a critical role in LTD induction.
PKA Activation Regulates Nrb-PP1 Binding Through Phosphorylation of Nrb at S461 in HEK 293 Cells
Next, we wanted to determine whether PP1 targeting of Nrb was regulated by phosphorylation. It has been reported that S461 immediately C terminal to the PP1-binding motif on Nrb (KIKFS), but not the homologous serine on Sph (KIHFS), can be phosphorylated [20, 27, 31] . We constructed mutants that mimicked or blocked phosphorylation of S461 in GFP-tagged Nrb constructs (Fig. 2a) . After transfection into HEK 293 cells, expressed Nrb proteins in the soluble cell lysates were immunoprecipitated (IPed) by anti-GFP antibody, separated by SDS-PAGE, and Western blotted (Fig. 2b) . Substantial PP1 was co-IPed with GFP-Nrb indicating that GFP-Nrb-PP1 complex formation (Fig. 2b) . We found that significantly less PP1 was pulled down in immunoprecipitates from cells expressing the phosphorylation-mimicking construct GFP-Nrb (S461E) than from cells expressing the phosphorylation-blocking construct GFP-Nrb (S461A) (Fig. 2b) , indicating that mimicking phosphorylation on S461 attenuated Nrb interaction with PP1. This result is consistent with the prediction that the introduction of a negative charge, via phosphorylation, into the hydrophobic PP1-binding motif, will interfere with PP1 binding. This is also consistent with the finding that phosphorylation (by PKA) of a purified Nrb fragment at S461, which is adjacent to the PP1-binding motif on Nrb (KIKF 460 ), decreased its binding with PP1 in vitro [27] .
We next determined whether phosphorylation attenuated Nrb-PP1 binding. Two days after transfection, HEK 293 cells were treated with forskolin to activate PKA. GFP-Nrb was IPed with anti-GFP antibody, and co-IPed PP1 was determined by Western blotting (Fig. 3) . We found that following phosphorylation by PKA, the amount of PP1 that was co-IPed with the same amount of GFP-Nrb was significantly decreased (Fig. 3) . We have observed similar phenomena using a different PKA activator, Sp-cAMP (Supplemental Fig. 1 We then determined whether the decreased binding between Nrb and PP1, in response to forskolin application, was mediated by phosphorylation at S461. In contrast to the reduction of co-IPed PP1 in WT GFP-Nrb IP experiment, the amount of PP1 co-IPed with GFP-Nrb (S461A) was not affected by forskolin treatment (Fig. 3) . This result indicates that decreased binding between Nrb and PP1 caused by PKA activation in vivo is mostly mediated by phosphorylation of S461 of Nrb.
Regulation of Endogenous Nrb-PP1 Interactions in Neurons
To determine whether endogenous Nrb-PP1 complex in neurons can be modulated by PKA activation, primary cortical neuron cultures were prepared for biochemical analysis. When the neurons were stimulated with forskolin, the amount of PP1 co-IPed with Nrb was decreased to 62.8 ± 7.0% of no forskolin control (Fig. 4a) . This suggests that endogenous Nrb-PP1 complex in neurons is subject to PKA regulation.
AMPAR Endocytosis Is Attenuated in Neurons Expressing Nrb Phosphorylation-Mimicking Mutant at S461
In light of our previous finding that the Nrb-PP1 interaction is critical for LTD induction [20] , we assessed the consequences of reducing the interaction between Nrb and PP1 in AMPA receptor endocytosis, a cellular model for LTD. To this end, we determined the effect on AMPA receptor endocytosis of blocking Nrb phosphorylation. Consistent with prior reports, we found that treatment of cultures with NMDA caused significant internalization of AMPARs (Fig. 4b, upper panel, untreated, 1 .00 ± 0.35, n = 14; NMDA treated 3.15 ± 0.59, n = 16; internalized AMAPR immunoreactivity normalized to untreated control). Treatment of neurons with forskolin before (20 min) and during NMDA application (10 min) largely abolished NMDA-induced AMPAR internalization (Fig.  4b , bottom panel, untreated 1.17 ± 0.40, n = 14; NMDA treated 1.25 ± 0.44, n = 19). This again is consistent with literature reports that PKA activation blocks AMPA receptor endocytosis [10] and LTD induction [30] . After establishing the endocytosis assay, we expressed recombinant Nrb proteins in hippocampal neurons through infection with recombinant Sindbis virus encoding GFP, GFP-Nrb (S461A), or GFP-Nrb (S461E). We observed strong attenuation of AMPA receptor endocytosis in neurons expressing the Nrb phosphorylation-mimicking mutant, GFP-Nrb (S461E) (no NMDA 1.11 ± 0.39, n = 14; NMDA-treated 1.77 ± 0.64, n = 16), while neurons expressing WT GFP-Nrb (no NMDA 1.03 ± 0.32, n = 13; NMDA-treated 4.42 ± 0.98, n = 15) or phosphorylationblocking GFP-Nrb (S461A) (no NMDA 0.96 ± 0.30, n = 13; NMDA-treated 4.42 ± 1.19, n = 15) exhibited increased amounts of endocytosed AMPA receptor compared to the GFP control (no NMDA 1.00 ± 0.22, n = 10; NMDA treated 2.87 ± 0.62, n = 15; Fig. 4c ). These data indicate that modulating the Nrb-PP1 interaction via Nrb phosphorylation on S461 has significant effects on AMPA receptor endocytosis. 
LTD Is Defective in Neurons Expressing Nrb Mutant Whose Interaction with PP1 Is Weakened
We next analyzed LTD directly in organotypic hippocampal CA1 neurons infected with Sindbis virus expressing GFP-Nrb mutants. Robust LTD was observed in GFP-Nrb (S461A)-expressing CA1 pyramidal neurons (41 ± 8%; n = 7; Fig. 5 ) using the 5-Hz/3-min LTD stimulation protocol [20, 28] . In contrast, the same stimulus elicited no synaptic depression in neurons expressing GFP-Nrb (S461E) (98 ± 8%, n = 5; Fig.  4 ). These data are consistent with defective AMPA receptor endocytosis in neurons expressing phosphorylationmimicking GFP-Nrb (S461E), indicating that the phosphorylation of Nrb at S461 interferes with LTD induction.
Discussion
It is known that PP1 plays a critical role in many synaptic plasticity processes including Hebbian synaptic plasticity, homeostatic synaptic plasticity, and metaplasticity [6, 13, 29, 35, 37] . Because of the indiscriminate nature of the actions of PP1 on its substrates, both the activity and proper targeting/ anchoring of PP1 are presumed to be important for the regulation of PP1 in these forms of synaptic plasticity. In this report, we have made two important findings. First, PP1 targeting required for LTD induction exhibits exquisite nanodomain specificity. PP1 targeted by Nrb supports LTD induction, while PP1 targeted by Sph, a close Nrb homolog, does not. Secondly, we found that PKA kinase can negatively regulate PP1 function via attenuating PP1 targeting by Nrb. PKA negatively regulates PP1 targeting by weakening the Nrb-PP1 interaction via phosphorylation of Nrb at S461, a site immediately adjacent to the PP1-binding motif. Our finding that Sph-targeted PP1 does not play a role in LTD induction is unexpected because (1) Sph and Nrb are close homologs of each other and in general bind to same set of proteins through their many conserved domains [1-3, 20, 32] , (2) specifically, Sph and Nrb are two major synaptic PP1-anchoring proteins [8, 43] , and (3) a role for Sph in LTD induction is suggested from studies performed in Sph KO mice [11] . Both Nrb and Sph are primarily targeted to synaptic spines via their N terminal F-acting binding domains (ABD) [15, 48] . However, there exist differences in their sequences that could potentially affect their nanodomain localization within the spines, either directly or indirectly. For example, there are many differences in phosphorylation sites between the core ABDs (aa 1-144) in Nrb and Sph [16, 18] . Moreover, Sph, but not Nrb, can interact with certain G-protein-coupled receptors (GPCR) through sites adjacent to the ABD domain (aa 145-285) [33, 39] . These differential interactions underlie the opposing functions of Nrb and Sph in GPCR signaling [44, 45] . It was recently reported that Nrb, but not Sph, interacts with A1R through aa 146-453 on Nrb [7] , further illustrating that the difference of this divergent domain on Nrb and Sph contributes to the functional difference of Nrb and Sph function. It will be important to determine whether this structural difference results in subtle differential anchoring of Nrb and Sph within the synaptic spines, thus contributing to the distinct effects of PP1 targeted by Nrb and Sph in LTD. Future super-resolution studies utilizing specific Nrb and Sph antibodies will be needed to test this prediction. Other regions beyond ABD that are not conserved between Nrb and Sph, such as the domain between ABD and the PP1-binding motif on Nrb and Sph (~120 amino acids), may also contribute to the distinct functions of Nrb and Sph on LTD. This domain on Nrb and Sph may interact with different proteins and/or help Nrb/Sph localize to different nanodomains in the spine as well.
Our data on Sph-targeted PP1 in LTD is in apparent contradiction with the published null LTD phenotype in Sph KO mice [11] , which indicates an essential role of Sph in LTD. However, all Sph-binding proteins including PP1 are perturbed in Sph KO mice. For example, CaMKII can also bind Sph [1] . Moreover, binding is age dependent [1] and also presumably participates in different complex formations in different brain regions [2] . Thus, the null LTD phenotype in Sph KO mice does not necessarily indicate a contribution of PP1 bound to Sph in LTD. Moreover, Sph KO mice exhibited a deformed hippocampal structure, CA3 layer-formation defects, spine density changes, and other abnormalities [5, 11] . Therefore, the null LTD phenotype in Sph KO mice may be an indirect result of developmental compensation rather than a direct effect of Sph, via its binding proteins, on synaptic depression. Our work presented here illustrates a novel example of how kinases can inhibit phosphatase signaling, a mechanism that may play a critical role in the induction of synaptic plasticity. We found that PKA can phosphorylate Nrb at S461, thereby weakening the interaction between Nrb and PP1. This, thus, reduces the amount of PP1 that can be targeted to the distinct nanodomain within spines defined by Nrb localization. We further showed that mimicking Nrb phosphorylation at S461 blocks both AMPA receptor endocytosis and LTD induction, suggesting functional importance of PKA action on synaptic plasticity via Nrb-PP1 signaling. Serine 845 on GluA1 is also a PKA site important for AMPA receptor trafficking and LTD induction [10, 24, 41] . On the other hand, a deficit in LTD induction was observed in a knock-in mouse in which the binding site for PKA on AKAP79/150 was deleted [25] . Thus, it will be important to determine the exact sources of the PKA critical for phosphorylation of Nrb in synaptic plasticity.
When Nrb was phosphorylated at S461, the amount of PP1 binding to Nrb was only reduced by half. However, this reduced amount of PP1 bound to Nrb did not support AMPA receptor endocytosis and LTD induction, suggesting that PP1 is a rate-limiting factor. This is consistent with observations from our previous work showing that increasing the amount of PP1 available in CA1 neurons, via including purified PP1 in the recording pipette, reduced the threshold of LTD induction [28] .
In summary, our findings here indicate that PP1 bound on Sph does not play a critical role in LTD induction, but PP1 bound on Nrb does, and Nrb dephosphorylation at serine 461, a site not conserved in Sph, leads to maximal PP1 targeting by Nrb to the correct nanodomain within spines for synaptic depression.
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